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INTRODUCTION
pH is an important and commonly measured parameter of precipitation and other natural waters. Interlaboratory studies have shown that significant problems exist in the accurate measurement of pH of waters with conductivities of less than 100 nS/cm (microsiemens per centimeter at 25° Celcius), such as meteoric precipitation encountered in studies of watersheds (Tyree, 1981; Mason, 1984; Koch and others, 1986) . The suggestions presented in this report are aimed at improving the accuracy and precision of pH measurement of meteoric precipitation and other low conductivity waters, and are based on extensive laboratory and field experience.
Accurate measurement of pH in low-conductivity waters is difficult, but possible, if proper procedures are followed. Proper calibration of electrodes with buffers does not guarantee accurate pH measurement in low-conductivity waters (Covington and others, 1983; Davison and Woof, 1985) . Electrodes should be calibrated in buffers and their performance checked daily in standard sulfuric-acid solutions with conductivities of less than 20 |iS/cm.
The performance of the electrodes should be further checked with deionized water saturated with an analyzed N£-C02 (nitrogen-carbon dioxide) gas mixture with a C0£ mole fraction of less than 0.5 percent. Recently, the National Bureau of Standards (NBS) developed a standard reference material for rainwater pH and acidity measurement. It consists of four 50-mL (milliliter) bottles at two acidity levels. These solutions were prepared from high purity salts and acids and have a pH of 4.30, acidity of 0.050 meq/L (mil 1iequivalents per liter) and specific conductance of 26 jj.S/cm for SRM 2694-1 at 25°C, and a pH of 3.59, acidity of 0.284 meq/L, and specific conductance of 130 nS/cm for SRM 2694-11 at 25.0°C. Problems have been reported with these standards mainly due to the very dilute and unbuffered nature of the solutions. NBS makes no assurance as -1-to the composition and stability of the solutions after the bottles are removed from their sealed aluminized bags or after the bottles are opened (Koch and others, 1986) . Further details on the preparation, use and certification of these standards can be found in six articles of Volume 91, Number 1 of the 1986 issue of the Journal of Research (National Bureau of Standards, 1986) . The high cost ($158.00) for a total of 200 ml of solution makes these standards impractical for daily electrode performance evaluation. Our experience indicates that electrodes that operate properly in very dilute acid solutions will perform well in low-conductivity natural waters. Well behaved electrodes will measure pH of dilute H2S04 (sulfuric-acid) solutions with theoretical pH values of 4.5 or more (table 1) to within -0.03 pH units. Many commercial electrodes are unsuitable for pH measurement in low-conductivity waters (Brezinski, 1983; Covington and others, 1983, 1985; Davison and Woof, 1985) . We have found that almost 50 percent of new "research grade" electrodes from one manufacturer were unsuitable for accurate pH measurement in very low conductivity natural waters.
The problems associated with the pH measurement of low conductivity waters have been extensively investigated. Supplementary information on these problems can be found in the works of Ives Seymour and others (1978) , Westcott (1978 ) Covington (1981 , Brezinski (1983) , Covington and others Sisterson and Wurfel (1984) , Koch and others (1986) .
and Janz (1961), Bates (1973) , Gall away and others (1983, (1979), 1985) , This paper presents some theoretical aspects and the suggested procedures for the measurement of pH in low-conductivity waters and the preparation of low-ionic-strength sulfuric-acid solutions. The use of trade names in this by the U.S. Geological Survey. report is for identification purposes only and does not constitute endorsement the glass electrode is and long times to reach to avoid trace contamination pH MEASUREMENT OF LOW-CONCUCTIVITY WATERS Electrode Performance
The glass electrode-reference electrode pair can perform poorly in dilute solutions such as rain (Gallaway and others, 1979) . Measurement of pH is difficult because the readings are often erratic and unstable. Streaming potentials and junction potentials may be large at the reference electrolyte-sample interface (Brezinski, 1983) , and subject to drift, asymmetry potential (Bates, 1973) "stable" readings. Considerable care must be taken of solutions. Stirring potential errors are generated by the reference electrode and are a problem with low-ionic-strength solutions (Brezinski, 1983) . Stirring potentials greater than 0.5 pH units have been reported in rainwater (Gallaway and others, 1979) . Accurate pH measurements can only be obtained in unstirred quiescent solutions and buffers after the samples have been thoroughly homogenized by stirring (Gallaway and others, 1979; Brezinski 1983; Davison and Woof, 1985) . Junction potentials are real and cannot be eliminated in practice (Bates, 1973) . Calculations given below suggest, however, the error in the measurement of pH of rain due to liquid junction is not much greater than 0.06 pH units.
Correctly working glass-electrode/reference-electrode pairs generally give 98.5 to 99.5 percent the response of that expected from the theoretical Nernst relation, which is E = E° -^_ In a H + (1) nF where E is the potential of glass-reference pair in mv (millivolts); E° is the standard potential of this electrode pair; R, n and F are constants; T is the temperature in Kelvins; and a^+ is the activity of the hydrogen ions. (Note: pH = -log a^+)
Making appropriate substitutions for the constants at 25°C, (1) becomes E = E° + 59.16 pH.
From the measured potential (E, in mv) of an electrode pair in solutions of known pH (such as NBS buffer solutions), and the theoretical Nernst response (59.16 mv/pH at 25°C), the percent theoretical slope should be calculated. The theoretical slopes as a function of temperature are given on table 2.
Before measurements begin on a routine basis, the electrodes to be used should be carefully checked. Slope and E° should be determined daily for about a week with new electrodes before the electrodes can be considered reliable for use, and checked again with each new calibration. The slope is never the theoretical value and is given by equation (2) .
where S is the slope.
-5-By using two buffers (1, 2) of known pH E = E° + S and E 2 = E° + S pH 2 , which gives and S = El " E 2 -pH 2 E° = E 2 -S pH2 .
After soaking a new electrode pair overnight, the slopes are typically
low (-98.5%) and improve steadily within the first week important to keep a daily log of electrode slopes and E signal problems in the electrode operation.
(to -99.5%). It's because they can
Electrodes that give slopes outside of the 98.5-to 99.8-percent interval are suspect. Slopes outside this interval can be caused by: o Failure to obtain correct E value in a buffer, for example due to asymmetry potential, o Errors in the buffers used, o Slow but continuous electrode drift caused by partially clogged junction in the reference electrode;, o Contamination of the reference electrode element due to aging and possibly precipitation of AgBr from contaminants in the KC1 filling solution.
-6- Calculated from the equations of Plummer and Busenberg (1981) Theoretical slope equals (RT log 10)/F where R is the gas constant, F is Faraday's constant and T is the temperature in kelvins.
-7-
The asymmetry potential results from the fact that glasses "remember" where they have been (Metcalf, 1984) . Ions in the buffers and test solutions actually exchange with the glass surface and change its composition. When radical changes in solution composition are made (such as between buffers and test solutions), one often observes a slow "drift" in pH measurements to the true value (^ .005 pH) over a period of as much as 30 minutes.
It is difficult to say how long it is necessary to wait before taking a reading because different changes are occurring simultaneously. Normally electrodes drift from day to day in an oscillating manner. E° typically varies by ± 2 mv. The slope generally remains fairly constant (to within ± 0.2 percent Nernst slope) once the new electrode has been in solutions for about a week. Good working electrodes almost Always drift about 0.1 to 0.2 mv/hr, Electrodes are usually calibrated before and after use and can be adjusted with assumed linear-drift corrections for E° and slope. pH is then calculated from the drift-corrected E° and slope (E°t, $t which are functions of time) and the observed mv reading (E^) at the time of measurement.
While the electrode is going through its hormal. drift behavior, there are superimposed on the observed potential, real changes due to (for example) equilibration of the glass surface with the test solutions, establishment of steady flowing junctions at the reference and attainment of thermal stability. Only experience with a particular electrode pair will indicate how long to wait for a steady reading. In a recent study of the pH of calcium bicarbonate solutions (Plummer and Busenberg, 1982) , 15 minutes were often required to reach steady readings within ± 0.2 mv. But these times may be much longer in rain samples. Fortunately precision within ± 0.005j pH is not required, but there is no general rule for how long to wait. A good laboratory practice is to monitor E (or pH) on a chart recorder as a function of time to indicate when the readings have reached the background drift rate.
A recent advance in pH measurement is the Orion Research Inc. Ross electrode which eliminates the temperature dependence of the reference-electrode and thus minimizes measurement time. Readings steady to ± 0.01 pH are easily obtained within one minute with properly working Ross electrodes, but longer times are required in very dilute solutions and at low t smperatures.
Buffer Characteristics pH measurements are as accurate as the buffers used for calibration. Therefore, the following precautions should be taken to maximize the accuracy of pH measurement:
1.
Do not use buffers after their expiration dates. The pH of the buffers may have been changed substantially by absorption of carbon dioxide, mold growth, or evaporation.
2.
Always cap the buffer bottles to prevent evaporation and contamination with atmospheric carbon dioxide.
3.
Never pour used buffer back into the bottles.
Some characteristics of the three NBS buffers used for the calibration of pH are:
1.
Of all NBS buffers, the pH 4.01 buffer is the least resistant to contamination and is subject to mold growth. (Many commercial preparations of this buffer contain mold inhibitors.) This buffer is relatively unaffected by dilution and not affected by atmospheric carbon dioxide contamination.
2.
The pH 6.86 buffer is moderately affected by dilution and is fairly resistant to contamination. This buffer is not affected by atmospheric carbon dioxide for the short time needed for pH electrode calibration. This buffer should not be left exposed to atmospheric carbon dioxide in open beakers over long periods of time.
3. The pH 9.18 buffer is not appreciably affected by dilution and is moderately resistant to contamination. The pH value of this buffer can change substantially if exposed to atmospheric carbon dioxide in an open beaker for a long period of time. However, the buffer is highly stable in an open beaker for the time needed for pH electrode calibration.
Contamination of buffers occurs when improperly washed electrodes are placed in the buffer solution. Dilution occurs when very wet but clean electrodes are placed in the buffer solution. Dilution is not a serious problem; however, contamination of one buffer with another can result in very serious errors.
Measurement of pH in Low-Conductivity Sulfuric-Acid
Low-conductivity waters (<100 jiS/cm) have very low buffering capacities and are easily contaminated. The following procedure is recommended.
1.
Wash the electrodes at least 3 times with distilled water.
2.
When checking calibration with dilute sulfuric-acid standards, wash electrodes or electrode assembly 2 times with the dilute sulfuricacid solution before measuring the pH.
-9- Addition of KC1 to the test solution increases the conductivity of the solution which decreases the response time of the electrode and gives generally more stable readings. Although addition of KC1 (or KBr) may be useful in acidimetric titrations, there are some potential problems in its use for routine pH measurements.
1.
Addition of KC1 changes the ionic strength of the test solution which results in a change in pH. This effect is most important in dilute (high pH) rain. Typically, one might add 3 drops of saturated KC1 solution to a 100 ml sample of rain. The total KC1 concentration is about 0.01 molal. The calculations below show the expected change in pH of dilute sulfuric-acid solutions initially at pH 5.00, 4.00, 3.00, and 2.00 upon addition of KC1 to 0.01 m. The changes are (theoretically) small but vary with the amount of in the solution and amount of KC1 added.
-10-
2.
More serious problems with KC1 addition probably result from impurities in the salt. A check of labels on KC1 bottles from separate lots from the same supplier gave the pH of 5-percent KC1 solutions as 5.6, 7.9, and 8.5. So, in practice, depending on the particular sample of KC1 used and the particular test solutions, large changes in pH could result upon addition of the salt, unless considerable care is exercised to purify the salt before use. If it is absolutely necessary to add KC1, use KC1 available from NBS (SRM 999) or another material with similar high purity.
Junction-Potential Errors
There are small differences in pH between measured and calculated values of dilute sulfuric-acid solutions. The differences result from a potential generated by the contact between the reference-electrode filling solution and the test solution (or standard solution) (Illingsworth, 1981; Brezinski, 1983) . Junction potentials cannot be measured directly. Work on the differences in junction potential between two solutions indicates that, at least for dilute solutions (such as acid rain), pH errors due to liquid junction can be calculated and appropriate corrections made. The magnitude of the junction error depends on the chemical composition and concentration of the filling solution in the reference electrode and chemical composition and ionic strength of the standards and test solutions.
Calculations of junction potentials were made using the Henderson equation (Bates, 1973; p lummer and Busenberg, 1982) . The results indicated that measured pH will always be higher than the true (thermodynamic) pH. The error does not depend significantly on the concentration of the KC1 filling solution between 3M and saturated KC1 but may differ significantly if other solutions such as the Orion 90-01 filling solution are used. If NBS buffers (pH 4.01, 6.86, 7.41) are used with the electrodes, the measured pH will be too high by about 0.06 pH at pH 5.70 varying approximately linearly with pH to about 0.01 pH too high at pH 2 in dilute sulfuric-acid solutions. If, however, the calibration is made with dilute sulfuric-acid standards, the junction potentials cancel somewhat leading to possibly lower errors. Theoretical calculation procedures are available for correcting measured pH for liquid junction potentials. The use of sulfuric-acid standards for calibration rather than true buffers is not recommended because of the instability of dilute sulfuric-acid solutions. Covington and others (1983) recommend the use of very dilute "buffer" solutions to minimize junction potentials. Four "buffers" with pH values at 25°C of 4.12, 7.07, 7.61 and 9.20 are available. The pH values of these solutions have been measured in cells without liquid junctions for the temperatures of 5, 10, 15, 10, 25 and 30°C (Covington and others, 1983) . These solutions have very low buffering capacity and are very easily contaminated. Low ionic strength "buffers" are available from Orion Research, Inc.
Measurement of Acidity
It is strongly recommended that the Gran titration method discussed by Seymour and others (1978), Gall away and others (1979) , McQuaker and others (1983) , Sisterson and Wurfel (1984) , and Marinenko and Kock (1985) be endorsed. This -11-method is frequently used in precision determination of alkalinity. The method could be automated with an automatic bitrator and microprocessor for routine determination of strong and weak acids present. Effects of the addition of KC1 or KBr to improve the electrode stability and response can be corrected for by running a blank. The method has the further advantage of depending on differences in E rather than absolute E so that uncertainties in electrode calibration are not important. Measurement of acidity is one of the most reliable determinations that can be made of acid rain. It should be checked by charge balance with chemical analyses of th£ sample.
Preparation of Dilute Sulfuric -Acid Solutions
The following is the minimum equipment ne sulfuric-acid solutions. Class-A glassware shoul eded for the preparation of the d be used.
4.
5.
One 1 Freshly distilled or preferably freshly deionized water with a conductivity of less than 1 |iS/cm II Supplies 1.
2.
A 1-mL class A pipet. A 1000-j.iL (1-mL) Eppendorff pipet is satisfactory.
5. 6.
7.
Same as in the previous The conductivity of the background conductivity Same as in the previous section. solution should be 13 uS/cm plus the of the water used to prepare the solution section.
Preparation of Other Sulfuric^-Acid Solutions
Other dilute sulfuric-acid solutions can given in the previous sections. The amount and standard sulfuric-acid solutions to be added to are given in table 1. The equivalent conductance of sulfuric-acid at infinite dilution (AQ) was calculated from the ionic conductance of H + and SO^" from the data given by Robinson and Stokes (1970) The specific conductance of sulfuric-acid at 25.00°C between pH 3 and 4 is given on figure 1, and between pH 4 and 5 is given on figure 2. To the values obtained from these graphs should be added the background specific conductance of the water used to prepare these solutions. The pH effects of atmospheric CO;? contamination can be calculated and are insignificant for these solutions (pH [3] [4] [5] . The effects of C0£ on conductivity can be significant at values greater than pH 5. Best results are obtained by using freshly deionized water and storing the solutions in glass.
pH of Deionized or Distilled
With Air or a N?-CO? Gas Mixture
Water Saturated
Even if dilute sulfuric-acid standards arie used (pH £4.5), it is desirable to measure the pH of distilled water equilibrated with outdoor air or preferably with a N2-C02 gas mixture of known composition before making any pH measurements in low-conductivity waters (Reddy and others, 1985) . These precautions assure that the pH electrodes are operating properly in low-conductivity waters and that the measurements are reliable. The pH of deionized or distilled water saturated with any N2-C02 gas mixture or air can be easily calculated to within 0.01 pH units from the equation pH = -0.5 (log K H + log KI + log P co ) (7) where KH, KI and Pco2 are the Henri's Law constant for C02, the first dissociation constant of carbonic acid and the C02 partial pressure in atmospheres. The log KH and log KI values as a function of temperature are " given in table 2. The Ppr^ of air is 10" atmospheres at sea level. of any gas mixture including air can be calculated from the expression The P C02 C02 XC02 ' B 760 (8) where Xco2 1S the mo^e fraction of C02 in the gas mixture and B is the true barometric pressure. U.S. Weather Service reports barometric pressure normalized to mean sea level elevation. This is not the true barometric pressure and should not be used in equation (8). If the barometric pressure is not known, 760 corrected for elevation can be used as an estimate. Elevation corrections of barometric pressure can be found in any handbook of physics and chemistry.
Maintenance and Care of pH Electrodes
Modern glass electrodes can give years of reliable service if a few simple rules are followed.
1. Recommended storage solutions of electrodes vary from manufacturer to manufacturer, and include pH 7.0 buffer to which has been added 10 g/L KC1, "slightly acidic" concentrated KC1, pH 4.0 buffer, etc. NBS recommends storage of electrodes to be used exclusively for rainwater measurement in a solution containing 0.1 and 0.0001 mol/L KC1 and HC1, respectively, and to avoid storage of the electrodes in concentrated KC1, basic solutions or buffers (Koch and others, 1986) . We believe that the NBS recommendations are most appropriate for the electrodes that will be used for measurement in lowconductivity waters. Caution if the filling hole of the electrode is sealed, an increase in barometric pressure can force the storage solution into the porous junction, this causes several problems: (1) Precipitation of AgCl in the porous junction because AgCl is less soluble in dilute KC1; (2) even if no clogging occurs, the presence of dilute KC1 in the junction can cause extremely large junction potentials (Brezinski, 1983) . The problems can be avoided by uncapping the filling hole and waiting long enough for the porous junction to be flushed with the concentrated KC1 filling solution. Never store the pH electrode in concentrated KC1 solutions, because the absorbed potassium reduces the glass sensitivity to hydrogen ions. For very
